ery scenarios, e.g., in populated areas or during peak traffic 23 hours, user may experience excessively long delay to content 24 delivery due to the congestion in backhaul links, and thus 25 the overall quality of experience (QoE) of users is degraded. 26 To alleviate the backhaul burden and reduce user-perceived 27 latency, one promising approach is to deploy caches at the 28 small cell base stations (SBS) [2] , [3] . 29 The role of caching in the fifth generation (5G) has been 30 recognized [2] [3] [4] , and some decentralized caching architec- 31 tures have been proposed [2]- [7] . The main idea of deploying 32 caches at SBSs is to cache popular content items on the SBS 33 closest to their respective users so that most of the requests 34 can be served from local caches, instead of forwarding the 35 user requests over the expensive and bandwidth-limited back-36 haul links. In the cache-enabled network, users (UE) can 37 obtain the requested content from the candidate SBSs directly 38 if the content is cached in the SBS, which is obviously ben-39 eficial to enhance the user experience. To get the better per- 40 formance, whether the SBS caches the required content may 41 be regarded as a novel important consideration of user asso-42 ciation strategy. It follows that the operator may explicitly 43 devise the user association strategy, together with the caching 44 strategy, to improve the user perceived network performance 45 (in terms of delay). In particular, the efficiency of the caching 46 strategy depends largely on the user association rule such that 47 there is a strong correlation between caching strategy and user 48 association strategy. 49 So far, several literatures have investigated the design of 50 caching policy to improve the efficiency of cache [6]- [8] , 51 where caching policies are developed taking into account 52 problem solved by Hungarian method and two simple 109 linear integer subproblems, with the aid of McCormick 110 envelopes and Lagrange partial relaxation method. 111 3) Simulations are conducted which show that the 112 proposed algorithm has a low complexity and can 113 achieve comparable performance to exhaustive search. 114 Furthermore, the proposed algorithm can significantly 115 reduce the average download delay, more specifically 116 up to 22% less delay compared to that of the conven-117 tional scheme.
118
The rest of the paper is organized as follows. In Section II, 119 the system model is presented and the joint caching and asso-120 ciation optimization framework is formulated. In Section III, 121 we present the reduction to the Unsplittable hard-Capacitated 122 Metric Facility location problem. In Section IV, the decen-123 tralized algorithm is proposed. In Section V, the simulation 124 results and the corresponding discussions are presented, and 125 we conclude the paper in Section VI.
126

II. SYSTEM MODEL AND PROBLEM FORMULATION
127
A. SYSTEM MODEL
128
Consider a heterogeneous cellular network (HCN) consisting 129 of a single MBS, N SBSs and U UEs randomly located 130 in the network. The MBS is indexed by M . The set of the 131 SBSs is denoted by B= {B 1 , B 2 , · · ·, B N }, where B n , n ∈ 132 N = {1, 2, · · ·, N } represents the n-th SBS. It is possi-133 ble to have overlapping area between SBSs in ultra-dense 134 deployment. Furthermore, we denote the set of the UEs by 135 J = {J 1 , J 2 , · · ·, J U }, where J u , u ∈ U = {1, 2, · · ·, U } 136 represents the u-th UE. The MBS is connected to the core 137 network through high-capacity backhaul such as optical fiber. 138 Each SBS is connected to the core network through a wired 139 backhaul link of limited capacity. Additionally, each SBS 140 is equipped with a storage capacity of bytes G n ≥ 0. The 141 two-layer architecture is described in Fig. 1 
The average delay of small cell users can be calculated as 218
With the consideration of transmission bandwidth capacity 220 constraint and storage capacity constraint, the joint caching 221 and user association problem to minimize the average delay 222 of small cell users is formulated as 223 min p,xD (7) 224 Subject to:
227
228
The objective of the optimization problem is to minimize 230 the average download delay. The constraints of the optimiza-231 tion are specified in (8)-(12). The inequality (8) denotes the 232 storage capacity constraint of each SBS. The equality (9) indi-233 cates that each UE can only associate with one SBS in H (u) 234 or MBS M and avoid partial association. The inequality (10) 235 reveals the transmission bandwidth constraint of each SBS. 236 Finally, (11) and (12) dictate discrete and binary nature of 237 optimization variables.
238
Note that the optimization problem defined in (7)- (12) 
III. THE REDUCTION TO FACILITY LOCATION PROBLEM
248
The connection between the unsplittable hard-capacity 249 facility location problem and the joint caching and user asso- 
2) 
2) When the cost of the feasible solution for the opti-323 mization problem is C, there exists a corresponding feasible 324 solution for the facility location problem at cost D, satisfying 325 327 Thus, the reduction from the optimization problem defined 328 in (7)-(12) to the above proposed unsplittable facility location 329 problem holds. There exists a reduction from the optimization 330 problem to the unsplittable hard-capacity facility location 331 problem, which is known to be NP-Hard [17]. 
363 Interestingly, given the dual variables µ, λ, ϕ, the Lagrange 391 function can be written as 393 where f (p), g (x) and h (z) are the objective functions of P1, 394 P2, P3 respectively. Furthermore, the feasible region of dual 395 problem can be decomposed into three independent regions 396 (i.e. {(9), (10), (12)}, {(8), (11)} and {(18)}). Therefore, the 397 dual problem can be decomposed into three subproblems, 398 named as P1, P2, P3 respectively. The three subproblems are 399 given as follows:
Subject to: (9) , (10) the impact of various parameters on the proposed algorithm. 465 In Section V.C, the proposed algorithm is compared with 466 conventional scheme. 467 We numerically evaluate the algorithm by fixing the loca-468 tion of MBS at the center of a macrocell with a radius 469 400m and distribute SBSs randomly throughout the MBS 470 coverage area. The physical layer parameters such as the 471 transmit power of SBSs, the path-loss model, noise power 472 are chosen according to 3GPP standards. Each user requests 473 one file based on the Zipf distribution with shape parameter 474 η = 0.6, where the request probability of the i-th file is 475 Table II . 481 
A. OPTIMALITY TEST OF THE PROPOSED ALGORITHM
482
The performance of the proposed algorithm is evaluated 483 firstly. We compare the performance of the proposed algo-484 rithm with the exhaustive search in a small-scale system. 485 The result obtained from the exhaustive search is adopted 486 as a benchmark, which is the lower bound of the average 487 delay. In the small-scale system, the file library has six files.
488
There are two SBSs and each has a capacity of one file. 
C. PARAMETER IMPACT ANALYSIS OF THE PROPOSED
519
ALGORITHM
520
We explore the effect of the steepness of the file request 521 pattern on the performance of the proposed algorithm in a 522 small-scale system. The shape parameter of the file popu-523 larity is varied from the value 0.6 to 3. Fig. 5 shows the 524 effect of Zipf parameter on the average delay. It can be 525 observed that as the Zipf parameter increases, the average 526 delay decreases. In addition, it can be seen that as the Zipf 527 parameter increases, the effect of the backhaul delay on the 528 average delay decreases. This is because as popularity dis-529 tribution gets steeper, a small number of contents are more 530 popular when Zipf parameter is high, which improves the 531 caching effectiveness. Thus, more contents can be served 532 directly from the local caches of BSs and don't have to travel 533 through the backhaul, which decreases the effect of backhaul 534 delay. Further, Fig. 7 shows the advantage of the proposed 558 algorithm from the perspective of delivery delay. It can be 559 observed that as backhaul delay is relatively small, wire-560 less transmission delay will dominate the average delay and 561 becomes the limiting factor. In this case, the gap of the 562 MPC-MS scheme with the proposed algorithm is relatively 563 small. On the other hand, as backhaul delay increases gradu-564 ally, the average delay is mainly contributed by the backhaul 565 delay caused by constrained backhaul link. In this case, the 566 proposed algorithm is fully aware of the backhaul conditions 567 and reduce the larger backhaul delay. Therefore, it can be 568 concluded that the proposed algorithm achieves the efficient 569 tradeoff between the wireless transmission delay and back-570 haul delay.
571
VI. CONCLUSION
572
This paper designs the joint caching and association strategy 573 to minimize the average download delay. The joint strategy 574 takes into account wireless channel quality and is aware of 575 the transmission delay over the backhaul. We analyze the 576 joint optimization problem by formulating an integer non-577 linear optimization problem. The problem is proved to be 578 NP-Hard based on a reduction from the facility location 579 problem. In order to reduce the complexity, a distributed 580 algorithm is proposed by decomposing the NP-hard problem 581 into an assignment problem solved by Hungarian method 582 and two simple linear integer subproblems, with the aid 583 of McCormick envelopes and Lagrange partial relaxation 584 method. Simulation results show that the proposed algo-585 rithm can significantly reduce the average download delay, 586 approaching the lower bound of the average download delay 587 but with a low complexity. Moreover, the simulation results 588 demonstrate the necessity to consider the cache condition, i.e, 589 whether the BS caches the requested contents when deciding 590 the best UE-SBS association, especially when the backhaul 591 condition is poor. Therefore, it can be concluded that our 592 work gives a promising method to determine the optimal 593 caching policy and user association scheme, and provides 594 some important insights for understanding the complicated 595 interaction between the caching policy and user association 596 strategy. 
